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Cellular neuroadaptations to chronic opioids:
tolerance, withdrawal and addiction
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Australia

A large range of neuroadaptations develop in response to chronic opioid exposure and these are thought to be more or less
critical for expression of the major features of opioid addiction: tolerance, withdrawal and processes that may contribute to
compulsive use and relapse. This review considers these adaptations at different levels of organization in the nervous system
including tolerance at the m-opioid receptor itself, cellular tolerance and withdrawal in opioid-sensitive neurons, systems
tolerance and withdrawal in opioid-sensitive nerve networks, as well as synaptic plasticity in opioid sensitive nerve networks.
Receptor tolerance appears to involve enhancement of mechanisms of receptor regulation, including desensitization and
internalization. Adaptations causing cellular tolerance are more complex but several important processes have been identified
including upregulation of cAMP/PKA and cAMP response element-binding signalling and perhaps the mitogen activated PK
cascades in opioid sensitive neurons that might not only influence tolerance and withdrawal but also synaptic plasticity during
cycles of intoxication and withdrawal. The potential complexity of network, or systems adaptations that interact with opioid-
sensitive neurons is great but some candidate neuropeptide systems that interact with m-opioid sensitive neurons may play a
role in tolerance and withdrawal, as might activation of glial signalling. Implication of synaptic forms of learning such as long
term potentiation and long term depression in opioid addiction is still in its infancy but this ultimately has the potential to
identify specific synapses that contribute to compulsive use and relapse.
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Introduction

Addiction to opioid drugs is a serious clinical and social

problem. As with other addictive drugs, a substantial

proportion of individuals who misuse opioids or use them

clinically become addicted. Opioids are widely used in acute

and chronic pain management, and some, for example

oxycodone, are consistently among the most commonly

prescribed drugs (Kuehn, 2007). Conservative estimates of

patients prescribed long-term opioids who develop some sort

of addictive disorder usually range from 2 to 6% (Fields,

2007), although some studies have reported higher rates (see

Ballantyne and LaForge, 2007). Although accurate data on

illicit users at large is more difficult to obtain, the proportion

that becomes addicted is probably much higher than in a

clinical setting and could be as high as 30% (Stafford et al.,

2004). For heroin users in treatment programmes, relapse

rates to first reuse are approximately 60% after 3 months and

75–85% after 12 months of cessation (Bradizza et al., 2006).

The high incidence of addiction to opioids is not surprising

because opioids strongly induce adaptations associated with

all of the core features of addiction (DSMIV, 2000), including

tolerance, withdrawal and associative processes that con-

tribute to compulsive use and relapse.

Opioid tolerance is characterized by a reduced responsive-

ness to an opioid agonist such as morphine and is usually

manifest by the need to use increasing doses to achieve the

desired effect. Profound tolerance can develop during

chronic opioid administration. In humans, experimental

examples of long-term tolerance to hundreds of fold usual

effective doses of morphine have been reported (Jaffe, 1985).

Clinically, more than 10-fold dose escalations of opioid dose
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in chronic pain management are common (Buntin-Mushock

et al., 2005) and illicit opioid addicts can consume daily

doses tens to hundreds of fold higher than acutely effective

doses (Stafford et al., 2004). The term tolerance is sometimes

used rather loosely to refer either to very short or long-term

loss of agonist efficacy. In experimental animals and isolated

cells, ‘acute’ tolerance can be observed rapidly (seconds to

minutes) during the course of a single episode of opioid

intoxication (Williams et al., 2001). This type of tolerance

may be more closely related to processes of rapid m-opioid

receptor (MOPr) desensitization and internalization that

should be distinguished from the more substantial tolerance

that emerges after days to weeks of opioid administration.

Tolerance results from adaptive mechanisms at the level of

the drug target (MOPr), as well as at the cellular, synaptic and

network levels, where adaptations due to homeostatic

mechanisms tend to restore normal function in spite of the

continued perturbations produced by opioid agonists.

Associative or conditioned tolerance, where drug use is

always paired with a distinctive environment, also plays an

important role and is mediated by specific neural systems in

behaving animals. Sensitization (reverse tolerance) to some

behavioural outputs can develop, particularly in motiva-

tional neural systems (Kalivas and Duffy, 1987) and also in

some cellular models (Hack et al., 2003; Ingram et al., 2007).

Abrupt cessation of chronic opioid use produces an intense

but rarely life-threatening withdrawal syndrome in both

humans and experimental animals. The signs and symptoms

of withdrawal reach a peak intensity as occupancy of

receptors by opioid agonists decline to a minimum and

persist for a period from days to several weeks in humans. In

this acute phase of withdrawal, the dysphoric, aversive

nature of the withdrawal syndrome contributes to high rates

of relapse. In experimental animals, this includes signs such

as escape attempts (jumping), vocalization, hyperalgesia,

ptosis, wet dog shakes, tachypnea and diarrhoea. Escape

attempts and vocalization presumably indicate discomfort or

aversiveness of withdrawal, which can be modelled using

conditioned place aversion (see Williams et al., 2001). It is

well established that different components of the global

withdrawal response arise from different populations of

neurons (see Williams et al., 2001). Some features of with-

drawal may be more protracted and contribute to drug

seeking and relapse. Because complex animal models are

required to model uncontrolled use, drug seeking and relapse

(Spanagel and Heilig, 2005), understanding of cellular and

molecular mechanisms of these processes is less complete

than for tolerance and withdrawal. Although anatomical

substrates including the ventral tegmental area (VTA), shell

of the nucleus accumbens and basolateral amygdala have

been associated with different components of drug seeking

and relapse (see Aston-Jones and Harris, 2004; Bossert et al.,

2005; Harris and Aston-Jones, 2007), the cellular mecha-

nisms responsible for these still remain largely unknown.

Disturbances of normal neural functions produced by

opioids have been thought to initiate homeostatic processes

leading to the development of opioid addiction for more

than half a century (Himmelsbach, 1943). From the 1970s

Figure 1 Organization of opioid adaptations in the nervous system including: (a) receptor tolerance at the MOPr itself showing loss in the
coupling of MOPr to a major cellular effector, the G-protein-regulated inwardly rectifying potassium channel, Kþ channel. Several potential
mechanisms could account for tolerance at this level of organization, but changes to coupling and perhaps surface expression appear to be
most important. (b) Cellular tolerance and withdrawal in opioid-sensitive neurons is due to multiple adaptations to intracellular signalling
cascades, but hypertrophy of cAMP signalling is the best established. (c) Systems feedback adaptations in opioid-sensitive nerve and neuroglial
networks can develop and contribute to tolerance and withdrawal. (d) Synaptic plasticity and learning in opioid-sensitive nerve networks may
involve changes in synaptic plasticity driven by changes in presynaptic release probability, which are well established at many opioid-sensitive
GABAergic synapses, but more importantly, mechanisms resembling LTP and/or long-term depression probably involving AMPA receptor
insertion in synapses may produce long-term changes in synaptic strength. It should be noted that adaptations outlined in (b) and (c) can
strongly influence synaptic plasticity.
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onwards, the general notion of homeostatic mechanisms of

addiction developed into ‘opponent process’ and more

recently into ‘allostatic’ models of adaptive processes (see

Le Moal and Koob, 2007) Attempts to understand neuro-

adaptations related to opioid addiction have focussed on

identifying mechanisms responsible for distinct features of

addiction, particularly tolerance, the withdrawal syndrome,

compulsive use and relapse. As outlined in Figure 1,

‘homeostatic’ neuroadaptations develop at multiple levels

of neural organization from the primary target of most

opioid drugs, the MOPr (‘receptor tolerance’, Figure 1a),

homeostatic mechanisms in neurons that express MOPr

(‘cellular tolerance’, Figure 1b), excitability of neural and

neuron-glial networks interacting with MOP-sensitive neu-

rons (‘systems tolerance, Figure 1c). The potential for

interaction of these adaptations with synaptic learning

mechanisms is represented in Figure 1d (‘synaptic plasticity

in tolerance and withdrawal’). This review considers adaptive

processes at each of these levels of organization in terms of

opioid tolerance, withdrawal and potential synaptic me-

chanisms of addiction. The types of adaptations outlined in

Figure 1a–c involve mechanisms that are homeostatic in that

they result simply from non-contingent, chronic opioid

exposure and can in many cases be observed in isolated cells

or neuronal cultures. Nonetheless, it should be noted that

some of these homeostatic mechanisms, for example cAMP

hypertrophy, can profoundly influence environment con-

tingent aspects of addiction such as the capacity of synapses

to strengthen or weaken motivational brain systems of

behaving animals in the presence of environmental or

interoceptive cues. Some downstream or circuit adaptations

may persist after weeks of abstinence, and features of

addiction related to relapse or hedonic dysregulation may

persist for months to years (Koob and Le Moal, 2005). Some

of these adaptations that are of a general structural nature,

such as altered neuronal and synaptic architecture, dendritic

morphology and axonal branching, may be driven by

transcriptional effects of phospho-cAMP response element-

binding (CREB) or other phosphorylation-transcriptional

cascades including induction of D-fos-B (for example,

Carlezon et al., 2005; Lu et al., 2006; Zachariou et al., 2006).

Opioid tolerance

Partial loss of receptor function through the mechanisms

summarized in Figure 1a contribute to tolerance develop-

ment. Most of the actions of MOPrs have been reported to be

completely dependent on activation of the pertussis toxin-

sensitive G-protein subfamilies, Gi and Go (Connor and

Christie, 1999), so that tolerance has usually been measured

in cellular systems as a loss of coupling to activation of

G-protein -regulated inwardly rectifying potassium channels,

inhibition of voltage-gated calcium channels, inhibition of

adenylate cyclase (AC; Connor et al., 2004) or stimulation of

mitogen-activated protein kinase (MAPK) pathways. It

should be noted that a range of other cellular effectors of

MOPrs have been identified (Williams et al., 2001) that may

also mediate tolerance. Mechanisms downstream of b-arrestin2

(also known as arrestin 3; Arr3) recruitment to the MOPr

could also play a role (Shenoy and Lefkowitz, 2003).

Tolerance-producing adaptations that simply blunt MOPr

activation are likely to be largely passive in terms of

contribution to the most obvious signs of opioid withdrawal

and other features of addiction because endogenous opioid-

MOPr signalling systems appear to exhibit low or subtle basal

activity in most circumstances, so simply reducing sensiti-

vity of the MOPr does not produce withdrawal rebound on

cessation of drug use. This is evidenced by the observation

that administration of MOPr antagonists to normal animals

or humans do not produce profound effects on ongoing

behaviour, although some aversive effects have been

reported (for example, Burgdorf et al., 2001). More subtle

aspects of opioid dependence influenced by endogenous

opioid—MOPr interactions, perhaps ‘hedonic set-points’

(Koob and Le Moal, 2005), might be influenced by

impaired MOPr signalling, but direct evidence for this is

still limited.

Receptor tolerance in opioid sensitive neurons

In Figure 1a, ‘receptor tolerance’ refers to partial loss of

capacity of the MOPr to signal to intracellular effectors over

time. Mechanisms involving either decreased cell surface

expression of MOPr and/or reduced coupling efficacy of

receptors remaining on the cell surface both contribute to

this. Much research on opioid receptor tolerance has

focussed on reduced coupling of MOPr to its effectors,

because the general consensus of studies to date is that there

is little or no change in mRNA or because MOPr protein

expression develops with chronic opioid, particularly

morphine, treatment (Stafford et al., 2001; Williams et al.,

2001; Patel et al., 2002; Johnson et al., 2005). For the limited

cases where uncoupling of MOPr to cellular effectors has

been examined in functioning neurons, intense chronic

morphine treatment regimes have resulted in only a two- to

threefold reduction in potency of opioid agonists (for

example, Williams et al., 2001; Bagley et al., 2005a). It seems

unlikely that these reductions in coupling can fully account

for behavioural tolerance, which is at least an order of

magnitude greater (see Figures 1b and c). Directly relating

MOPr tolerance in a particular neuron to behavioural

tolerance is also complicated because the extent of uncou-

pling of MOPrs from G-protein activation varies greatly

among different types of neurons after chronic opioids (Sim-

Selley et al., 2000). As discussed below, interaction of diverse

signalling systems with MOPr coupling in different neurons

demands that mechanisms be determined for each type of

neuron of interest. Numerous processes that can modulate

MOPr coupling have been reported (see Johnson et al., 2005),

but some mechanisms examined in heterologous expression

systems such as Xenopus laevis oocytes (for example, Celver

et al., 2001) are difficult to relate to functioning mammalian

neurons because the stoichiometry of pivotal signalling

cascades and rates of desensitization and internalization in

model systems can differ vastly from real neurons. Where the

experiments have been done, this review therefore focusses

on adaptations at each level of organization in neurons.

Rapid mechanisms of receptor desensitization and

internalization have been studied extensively and appear
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to be involved in both acute and long-term opioid tolerance

(Whistler and von Zastrow, 1998; Whistler et al., 1999; Bohn

et al., 2000; He et al., 2002; Koch et al., 2005). As outlined in

Figure 2, the process of MOPr regulation is widely assumed to

resemble that of the more thoroughly studied b2-adrenergic

receptor (Connor et al., 2004; Gainetdinov et al., 2004).

According to this scheme, agonist activation induces MOPr

phosphorylation by G-protein-coupled receptor kinase 2

increasing the affinity of interaction with Arr3. The binding

of Arr3 uncouples the receptor from G-protein signalling

(that is, desensitizes the receptor) and initiates the process of

receptor sequestration and internalization through an

Arr3- and dynamin-dependent mechanism (Bohn et al.,

2000; Connor et al., 2004; Gainetdinov et al., 2004). This

sequence of events has been validated for much of the

process of MOPr regulation (see Connor et al., 2004), but the

importance of these mechanisms for the loss of receptor

function (acute tolerance or desensitization) or development

of long-term tolerance are still uncertain. Knockout of a key

protein for MOPr internalization, Arr3 has provided the most

compelling evidence to date that Arr3 and, by implication,

desensitization and/or internalization mechanisms are in-

volved in both acute and long-term opioid tolerance (Bohn

et al., 2000). Both loss of behavioural antinociceptive

sensitivity to morphine, interpreted as acute tolerance, and

development of long-term tolerance were profoundly

blunted in Arr3 knockout mice (Bohn et al., 2000). However,

the precise mechanisms by which desensitization and

internalization of MOPr occur and how these influence

tolerance remain controversial, particularly in native

neurons, so the interpretation that Arr3-mediated internali-

zation somehow causes tolerance must be considered

tentative.

One complication is that desensitization and inter-

nalization are often considered as a single phenomenon.

Operationally, any process that reduces MOPr sensitivity

over a relatively rapid time course can be described as

desensitization whether or not it involves internalization of

receptors. However, functional desensitization of MOPr is

distinct from and precedes internalization when measured

over appropriate time scales. If desensitization is measured

over the time scales that include internalization (minutes to

hours), then measurements are necessarily a composite of

both rapid desensitization and internalization (see Connor

et al., 2004). Importantly, MOPrs desensitize robustly in

cultured locus coeruleus (LC) neurons when internalization

is blocked using concanavalin-A (Arttamangkul et al., 2006)

or when Arr3 is knocked out in cultured sensory neurons

(Dang and Christie, 2006; Walwyn et al., 2007). The failure of

Arr3 deletion to prevent desensitization also raises the

possibility that consequences of knocking out Arr3 indepen-

dent of MOPr desensitization and internalization cause the

observed blunting of acute and long-term tolerance in

behaving animals. Walwyn et al. (2007) have proposed that

Arr3 deletion leads to constitutive activation of MOPr by

preventing Arr3-dependent targeting and internalization of

constitutively active receptors by c-Src tyrosine kinase, but it

is also possible that developmental adaptations to the gene

deletion are important.

Another complication is that the opioid agonist, mor-

phine, most widely used clinically and in studies of tolerance

has relatively low efficacy for G-protein activation and

desensitization but a disproportionately very low efficacy

for producing MOPr internalization when compared

with other efficacious agonists such as D-ala-methionine

ekephalin glyol (DAMGO), methadone or sufentanyl (Keith

et al., 1996; Whistler et al., 1999; Borgland et al., 2003). This

difference may produce differences in rate or extent of

tolerance development, but the evidence in experimental

animals is limited (Bailey and Connor, 2005). Morphine

produces little or no internalization in most neurons

(Trafton et al., 2000; He et al., 2002) and many heterologous

expression systems but has some efficacy in others (for

example, Borgland et al., 2003) or in some neuronal

compartments, for example, dendrites of striatal neurons

(Haberstock-Debic et al., 2003), presumably because mechan-

isms for internalization are inherently more efficient in

those cells/compartments.

The mechanisms responsible for the very poor efficacy of

morphine to produce internalization are yet to be estab-

lished. Morphine stimulates phosphorylation of MOPrs less

effectively than strongly internalizing agonists such as

DAMGO (see Connor et al., 2004), but it can induce

internalization if the efficacy of the signalling system is

increased, for example, by overexpression of G-protein

coupled receptor kinase (GRK) (Whistler and von Zastrow,

1998). However, it is not known whether distinct sites on

MOPrs are phosphorylated by morphine versus internalizing

agonists. In at least one heterologous expression system

(HEK293 cells), DAMGO but not morphine acting on MOPrs

can stimulate Phospholipase D2, which might promote

internalization (Koch et al., 2003). Morphine might also

interact differently from other agonists with a range of

Figure 2 Scheme of opioid receptor activation and internalization
based on general model developed for the b-adrenergic receptor.
Growing evidence suggests that receptor tolerance involves en-
hancement or acceleration of these processes. Although opioid
receptor activation, desensitization and internalization are well
established, the precise mechanisms are not clearly known.
Desensitization of the receptor certainly precedes internalization,
but it is not known whether this is dependent of GRK association and
phosphorylation. It is probably not dependent on Arr3 binding
because desensitization proceeds in the Arr3 knockout mice. The
major initial signalling steps, that is, release of G-protein a and bg
subunit, are attenuated by the enhanced desensitization or inter-
nalization, as is signalling downstream from the MOPr-Arr3 com-
plex. Abbreviations: Arr3, arrestin3; GRK, G protein coupled receptor
kinase; DYN, dynamin. Adapted from Connor et al., 2004.
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signalling mechanisms potentially involved in internaliza-

tion (but perhaps only desensitization), including PKC

isoforms (Bailey et al., 2006) phosphoinositide-3 kinases,

GRK, calmodulin kinases and MAPK cascades (Johnson et al.,

2005).

Although chronic treatment of animals with morphine

does not reduce MOPr density, agonists that efficaciously

drive internalization can produce MOPr downregulation.

Chronic treatment with high doses of etorphine produces

moderate downregulation of MOPrs probably because a

small proportion of MOPrs are targeted to lysosomes and

degraded during each internalization cycle driven by

etorphine but not by morphine (Stafford et al., 2001;

Patel et al., 2002). It should also be noted that alternatively

spliced MOPrs, which vary in the C-terminal domains

that associate with trafficking proteins, can be cycled at

different rates (Koch et al., 1998). Tissue-specific expression

of splice variants could therefore differentially affect

tolerance development in different neurons or cellular

compartments.

Considering the very weak efficacy of morphine to

produce internalization, the effects of chronic opioid

exposure on MOPr desensitization might be more important

than internalization for functional uncoupling of MOPr.

Desensitization consistently precedes internalization when

both are measured in the same cell type using electro-

physiological methods (which can resolve desensitization on

the second-to-minute scale), coupled with MOPr immuno-

histochemistry in AtT20 cells (for example, Borgland et al., 2003)

or with fluorescent peptide ligands in cultured LC neurons

(Arttamangkul et al., 2006). Unfortunately, the molecular

mechanisms of desensitization in neurons (rather than

internalization) are still unclear. Although widely assumed

to require association of GRK or binding of Arr3 (but see above

that desensitization is not blocked in Arr3 knockouts) to

MOPr, this has not been directly established in neurons, so

other phosphorylation events or protein–protein inter-

actions could be just as important. MOPr desensitization

is a low-efficiency process compared with activation of

G-proteins, regardless of agonist (for example, Borgland

et al., 2003). Morphine, with lower intrinsic efficacy

than DAMGO for G-protein activation and desensitization

(Borgland et al., 2003), produces almost no desensitization in

some neurons (for example, LC neurons; Blanchet and

Luscher, 2002; also see Dang and Williams, 2005), whereas

in others, substantial desensitization can be observed (for

example, in AtT20 cells; Borgland et al., 2003) or can be

induced by stimulation of other signalling cascades such as

activation of PKC in LC neurons (Bailey et al., 2004).

Differential activity of signalling cascades that modulate

MOPr desensitization in different neurons might be respon-

sible for differences in MOPr uncoupling reported after

chronic opioid treatment of animals (Sim-Selley et al., 2000).

Although desensitization and internalization are consi-

dered important for tolerance development, interpretations

of the role of internalization mechanisms in tolerance from

different studies, particularly following chronic morphine

treatment, are difficult to reconcile. For example, the loss of

morphine tolerance in Arr3 knockout mice implies that

internalization mechanisms are necessary for tolerance, but

the opposite interpretation was suggested by the studies of

He et al. (2002). In these studies, chronic intrathecal

morphine administration in rats was associated with little

or no internalization of MOPr but produced profound

tolerance. Tolerance was reversed by co-administration of a

sub-therapeutic dose of DAMGO, which strongly stimulates

internalization. This was interpreted to suggest that chronic

morphine treatment produces an accumulation of inactive

MOPrs on the surface membrane because internalization and

recycling are (assumed to be) required to produce

re-activated receptors following phosphorylation and desen-

sitization, and that interaction of DAMGO with MOPr

oligomers would drive internalization. However, there is no

direct evidence to show that internalization is required for

recovery of MOPr function, and no evidence has been found

for the proposition to the extent that it has been examined

directly in native neurons (Bailey et al., 2003). Furthermore,

in other studies of heterologous expression systems (HEK293

cells), recycling agonists promoted cellular tolerance and

potential withdrawal (Koch et al., 2005). Nonetheless, the

basis of the observation that very low doses of a recycling

agonist such as DAMGO can blunt tolerance development

warrants further investigation because it could provide a

rational basis for the clinical rotation of different opioids to

overcome tolerance. However, limited clinical studies to date

have not supported rescue from tolerance by this mechanism

(Mercadante et al., 2004).

Desensitization and/or internalization mechanisms may

have an important role in long-term tolerance development.

Early studies in isolated tissues, model cells and neurons

have all found a loss of agonist efficacy to stimulate MOPr

following chronic morphine treatment (see Williams et al.,

2001). The loss of function was homologous in LC neurons,

that is, sensitivity of other receptors such as the a-2

adrenoceptor to couple with the same effector mechanisms

was not impaired. This tolerance was interpreted as a specific

reduction in coupling capacity of MOPr to signal through

Gi/o-dependent mechanisms because a reduction of surface

receptors of approximately 80% would be required to

account for the observed loss of coupling efficacy (Christie

et al., 1987), although the consensus of many studies is that

chronic morphine treatment does not substantially affect

MOPr-binding density (Williams et al., 2001). More recent

studies have begun to explain the specificity of the homo-

logous reduction in MOPr coupling after chronic morphine.

Dang and Williams (2004, 2005) observed that the sensitivity

of MOPrs was unaffected by chronic morphine treatment

when probed in LC neurons without previous exposure to

high concentrations of agonist (earlier studies using sharp

electrodes almost invariably first tested a very high concen-

tration of agonist to establish viability of a neuron before

proceeding to any other experiments). Importantly, initial

sensitivity of the MOPr was normal, but desensitization was

more profound and recovered much more slowly after

chronic morphine, even after very brief (1–2 min) applica-

tions of agonist. This adaptation may be quite persistent

because Ingram et al. (2007) reported similar findings in

periaqueductal grey (PAG) neurons more than 24 h after

morphine withdrawal. These studies suggest that enhanced

desensitization may be an important component of receptor
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tolerance. One potential mechanism to enhance desensitiza-

tion of MOPr include adaptations to PKC signalling, which,

when activated in LC neurons, has been shown to enhance

the efficacy of MOPr desensitization (see Bailey et al., 2004,

2006; Bailey and Connor, 2005). Many other signalling

cascades could be both involved in efficacy of desensitization

and upregulated after chronic morphine, perhaps through

GRK (Whistler and von Zastrow, 1998), RGS proteins such as

RGS4 (Gold et al., 2003), Arr3 (Bohn et al., 2000), MAPK

(Eitan et al., 2003) or other downstream mechanisms.

Desensitization and internalization may also be regulated

by other G-protein coupled receptors that can interact more

or less directly with MOPr. Chronic morphine treatment

induces emergence of the d-opioid receptor to the surface

membrane in some neurons (for example, Hack et al., 2005).

d-Opioid receptors can potentially form heterodimers with

MOPrs. There is also some evidence that interactions at the

two pharmacophores of other G-protein coupled receptor

heterodimers can strongly influence their internalization

(Jordan et al., 2001). Morphine tolerance development is

impaired in d-opioid receptor knockouts and, intriguingly,

tolerance and dependence development is blunted by

bifunctional MOPr agonist/d-opioid receptor antagonist

molecules designed to interact preferentially with hetero-

dimers (Daniels et al., 2005), which may influence MOPr

internalization. Development of novel ligands that regulate

internalization and/or desenstization of MOPr may therefore

prove useful for limiting tolerance development at the level

of receptor uncoupling.

In summary, enhancement of homologous desensitization

appears important for the development of morphine toler-

ance at the receptor level, but the potential role of

internalization remains very unclear. MOPrs desensitize

effectively in the absence of Arr3 interaction or internaliza-

tion, but it needs to be established whether this is enhanced

by chronic morphine in Arr3 knockouts. The failure of Arr3

knockout mice to develop tolerance to morphine, although

we have observed tolerance using more intense, continuous

morphine treatment (BCH Chieng and MJC, unpublished

observation), may suggest that other Arr3-dependent

signalling mechanisms such as recruitment of cSrc to the

plasma membrane are responsible (Shenoy and Lefkowitz,

2003). It should also be noted that other signals among the

myriad downstream cellular adaptations produced by

chronic morphine in opioid-sensitive neurons could also

be responsible.

Cellular tolerance and withdrawal in
opioid-sensitive neurons

Mechanisms such as those outlined in Figure 1b may

contribute substantially to behavioural tolerance. Using

cAMP signalling as an example in Figure 1b, cellular

adaptations in opioid-sensitive neurons can potentially drive

both tolerance and opioid-withdrawal behaviour. As shown,

chronic, excessive stimulation or inhibition of a signal

downstream of MOPr activation can lead to homeostatic

adjustment of the signalling system in the face of continued

activation of MOPr, so tolerance results if the downstream

signal directly controls neural excitability, as cAMP does in

some nerve terminals (for example, see Ingram et al., 1998).

Removal of the inhibitory stimulus on the hypertrophied

cAMP signalling system during withdrawal can then lead

to overshoot in downstream signalling mechanisms and

neural excitation. Overshoot or rebound activity may

drive initial steps of opioid withdrawal, but effects may also

be more persistent, leading to long-term signalling aberra-

tions, synaptic strengthening or weakening, or structural

reorganization of neural arborizations. A single cellular

adaptation could thereby contribute to both tolerance and

withdrawal.

Identification of which adaptations to intracellular signal-

ling are relevant for tolerance, withdrawal and addiction at

the cellular and behavioural level is a daunting challenge. It

requires identification of adaptations that can drive cellular

excitation or synaptic plasticity in opioid-sensitive neurons

that are related to identifiable behavioural outputs including

those involved in compulsive use of opioids. Both the cAMP-

PKA (through Gi/o) and MAPK (at least through Gbg
subunits) cascades are of interest because they lie more or

less directly downstream from MOPr activation. Adaptation

to other kinase cascades may be more or less directly

involved in tolerance and withdrawal at the cellular level,

including PKC (Bailey et al., 2006) and many other signalling

systems (Bailey and Connor, 2005; Johnson et al., 2005).

Because the evidence for these cascades is less complete, they

will not be discussed at length here. Mechanisms of cellular

tolerance in opioid-sensitive neurons are probably not only

limited to signalling cascades directly downstream of MOPr

activation, but could also develop as a general cellular

homeostatic response to depression of neural excitation by

opioid agonists. In general, altered transmembrane chloride

gradients, calcium homeostasis and synaptic structure and

strength have been observed within neurons following

persistent experimental manipulation of neural excitability

(Rich and Wenner, 2007). It should also be noted that

cellular adaptations in opioid-sensitive neurons may differ

between experimental models that use continuous adminis-

tration (for example, morphine pellets) versus intermittent

dosing (for example, Inoue et al., 2003).

The AC–cAMP–PKA cascade

Chronic activation of G-protein coupled receptors of the

Gi/o class that couple with inhibition of AC activity and

reduce cAMP concentrations (for example, all opioid recep-

tors, dopamine D2 and cannabinoid CB1 receptors) generally

produce adaptive superactivation of AC (Watts and Neve,

2005). Depressed cAMP concentrations return to normal

during continued exposure to opioids in part because AC is

superactivated, which may be related in part to regulation of

AC by Gbg subunits (see Williams et al., 2001; Watts and

Neve, 2005). Simplistically, downstream effectors of cAMP

therefore develop tolerance following chronic exposure.

However, persistent exposure to opioids differentially

regulates isozymes of AC through distinct mechanisms

(Watts and Neve, 2005; Schallmach et al., 2006). This is

unsurprising because each of the nine isoforms exhibits
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distinct modulation by G-proteins (including bg and different

a-subunits) as well as the phosphorylation state of PKA and

its interacting proteins (Wong and Scott, 2004; Watts and

Neve, 2005; Schallmach et al., 2006; Chakrabarti and

Gintzler, 2007). Adaptations to cAMP signalling are also

complicated by a range of protein signalling complexes such

as A-kinase anchoring proteins that structurally localize

different kinases, phosphatases, phosphodiesterases and

other signalling molecules to distinct cellular compartments,

which almost certainly varies among cell types and cellular

compartments (Wong and Scott, 2004).

AC–cAMP-related mechanisms might also feed back on the

initial process of MOPr signalling to qualitatively modify

transduction. Early studies suggested that MOPrs could

interact with Gs rather than Gi in cultured dorsal root

ganglion explants and proposed that chronic morphine

treatment shifted the balance of interaction to stimulatory,

Gs-mediated effects (for example, Shen and Crain, 1990).

Whereas most direct studies of MOPr coupling provided no

support for a Gs interaction (see Williams et al., 2001), more

recent work has suggested that chronic morphine reduces

the phosphorylation of Gs and that dephosphorylated Gs

can interact with MOPr (Chakrabarti and Gintzler, 2007) in

heterologous expression systems and spinal cord tissue. This

finding warrants further investigation of mechanism of

altered MOPr transduction mechanisms. Comparatively,

signalling of the b-adrenergic receptor can shift from Gs to

Gi coupling when phosphorylated by PKA (Zamah et al.,

2002), emphasizing the need to examine similar mechan-

isms for MOPr signalling. Other potential mechanisms

whereby adaptations to cAMP signalling may feed back on

MOPr function also require further study in functioning

neurons. These include the possibilities that constitutive

MOPr activity may develop after chronic morphine treat-

ment in some neurons or heterologous systems (Sadee et al.,

2005; Walwyn et al., 2007) or that guanine nucleotide

exchange factors activated by cAMP (EPACs) that can

modulate G-protein signalling efficacy (see Wong and Scott,

2004).

The complexity of adaptations in the AC–PKA cascade in

response to chronic opioids could vary greatly among

opioid-sensitive neurons under different opioid treatment

conditions, necessitating identification of adaptations and

their influence on neural excitability in types of neurons

relevant for tolerance, withdrawal and addiction. The most

complete studies to date have focussed on adaptations in the

LC and PAG that may be related to somatic and aversive

signs of withdrawal, as well as the nucleus accumbens and

VTA, which are more related to compulsive use of opioids.

Although there is some evidence that adaptations in the

noradrenergic LC play an important role in opioid with-

drawal behaviour, nearly complete ablation of the nucleus

does not prevent the expression of withdrawal behaviour

(Caille et al., 1999; see Christie et al., 1997), suggesting

possible involvement in more subtle signs of withdrawal.

There is good evidence that ventral noradrenergic neurons

projecting to the bed nucleus of the stria terminalis are more

important then the LC for withdrawal-induced aversion

(Delfs et al., 2000), but the connection between opioid-

induced adaptations in these neurons and withdrawal is still

unknown. MOPr activation produces Gbg subunit gating of

G-protein-regulated inwardly rectifying potassium channels

that directly inhibits the activity of action potentials in LC

neurons (Williams et al., 2001). Despite concerns about the

functional significance of the LC for withdrawal behaviour,

there is growing evidence at the cellular level that LC

neurons exhibit withdrawal hyperexcitiation in vitro (Ivanov

and Aston-Jones, 2001; Han et al., 2006), and this is

associated with regulation of the CREB (Han et al., 2006).

Transcriptional control through phosphorylation state of

CREB, which affects protein synthesis of a large number of

neurotransmitter receptors, AC isoforms and other signalling

proteins may influence neural excitation (Carlezon et al.,

2005). In vivo, there is a profound excitation of action

potential activity beyond the normal range for LC neurons

(hyperexcitation), but the rebound is more modest in vitro

(Ivanov and Aston-Jones, 2001; Han et al., 2006), suggesting

that much of the activity in vivo is driven by afferents to LC.

Using viral vectors to specifically enhance or blunt CREB

expression in LC neurons, Han et al. (2006) demonstrated

that enhancement of CREB expression strengthened with-

drawal behaviours and vice versa. In parallel brain slice

experiments, up- or downregulation of CREB had compar-

able effects on action potential rates of LC neuron in the

presence of forskolin, suggesting there may be a direct link

between excitability and withdrawal behaviour regulated by

CREB. CREB may have a more widespread role in opioid

addiction because phospho-CREB is elevated during opioid

withdrawal in several brain regions implicated in addiction

(Shaw-Lutchman et al., 2002) and is involved in excitability

(Dong et al., 2006).

cAMP-related adaptations have been identified in PAG

neurons that are linked to ion channel mechanisms that

could drive withdrawal behaviour. A range of microinjection

studies have implicated the PAG in mediation of opioid-

withdrawal signs (see Williams et al., 2001). Acutely, MOPr

agonists inhibit a subpopulation of neurons through activa-

tion of G-protein-regulated inwardly rectifying potassium

channels as well as producing presynaptic inhibition

(Williams et al., 2001). The major action of MOPr agonists

is thought to be disinhibition of projection neurons via

direct inhibition of GABAergic cell bodies and synapses

(Williams et al., 2001). In brain slices containing PAG cell

bodies, opioid withdrawal in vitro produces hyperexcitation

of opioid-sensitive neurons during opioid withdrawal, using

electrophysiological methods that avoid disruption of the

intracellular milieu (Chieng and Christie, 1996; Bagley et al.,

2005b). In this case, elevation of cAMP–PKA signalling

during withdrawal induces opening an MOPr-sensitive

(MOPr activation inhibits the channel) cation channel that

produces hyperexcitation (Chieng and Christie, 1996; Bagley

et al., 2005b; Ingram et al., 2007). Intriguingly, the with-

drawal-activated cation channel is blocked by specific

inhibitors of the neuronal GABA transporter type 1 (Bagley

et al., 2005b). The properties of this ‘channel’ current do not

appear to be associated with changes in GABA flux through

the electrogenic transporter, suggesting that the PKA-

mediated effect is due to channel-like behaviour of GABA

transporter type 1, similar to channel behaviour of other

neurotransmitter transporters (for example, Ingram et al.,
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2002). Because GABA transporter type 1 is expressed

exclusively by GABAergic neurons in most brain regions

(see Bagley et al., 2005b), these findings suggest that the

primary locus of opioid withdrawal in PAG is in opioid-

sensitive GABAergic neurons. Indeed, approaches using c-fos

as a marker of neural excitation during withdrawal have

shown that activation in PAG is strongly enriched in

GABAergic neurons (Chieng et al., 2005; Hacker et al.,

2006). It will be of interest to determine whether the same

or similar mechanisms are involved in cellular opioid

withdrawal in other GABAergic neurons involved in opioid

withdrawal and dependence. GABAergic neurons such as the

medium spiny neurons of nucleus accumbens and dorsal

striatum are known to be involved in addiction to opioids

and are readily amenable to such investigation. The

relatively sparse GABAergic neurons of the VTA have been

difficult to investigate in vitro but are a potentially important

site of such adaptations.

In addition to persistent cAMP-related actions in cell

bodies, adaptations that could drive withdrawal behaviours

have also been found at synapses in several brain regions

associated with opioid withdrawal and addiction, including

PAG, VTA and nucleus accumbens (see Williams et al., 2001).

In rat PAG, opioid withdrawal is associated with a substantial

increase in GABAergic (but not glutamatergic) synaptic

neurotransmission, which is dependent on activation of

PKA (Ingram et al., 1998; Hack et al., 2003). This is due to an

increased presynaptic GABA release probability during with-

drawal (opioids acutely inhibit GABA synapses). In VTA,

MOPr agonists directly inhibit excitability of GABAergic cell

bodies and synapses (Johnson and North, 1992), but the

organization of opioid actions among specific subsets of VTA

neurons is complex (Ford et al., 2006; Margolis et al., 2006),

suggesting a need to study these actions in appropriate

functional groups of GABAergic cells and synapses. In

both VTA (Bonci and Williams, 1997) and nucleus

accumbens (Chieng and Williams, 1998), GABAergic release

probability during withdrawal or sensitivity to stimulation

of AC by forskolin are enhanced. Similar findings have

also been reported in the MOPr-sensitive rostral ventrome-

dial medulla (Ma and Pan, 2006). This phenomenon

might therefore be quite widespread among opioid-sensitive

GABAergic synapses and, because of its rapid onset (seconds

to minutes), is probably due to the effects of PKA phosphory-

lation on GABAergic vesicle dynamics. In VTA, some

cAMP-dependent effects of opioid withdrawal on synaptic

transmission can persist for at least 1 week after withdrawal

(Bonci and Williams, 1996). These longer-term effects

may be mediated by persistent changes to cAMP–PKA

signalling or could be further downstream, perhaps via

CREB, which itself can influence synaptic strength and

plasticity (Dong et al., 2006; Hyman et al., 2006). It should be

noted that, in VTA, nucleus accumbens and mouse but not

in rat PAG, enhancement of GABAergic transmission during

opioid withdrawal is blunted by extracellular elevation of

adenosine concentrations that almost certainly result from

elevation of intracellular cAMP followed by transport of

adenosine (or cAMP) to the extracellular space to act on

inhibitory A1 adenosine receptors (Williams et al., 2001;

Hack et al., 2003).

Other MOPr-activated cascades: MAPKs and
phosphoinositide-3 kinases

Mitogen-activated PK cascades, particularly extracellular-

signal-regulated kinases (ERKs), are stimulated (phosphory-

lated) following MOPr activation (Li and Chang, 1996) by

morphine and other opioid agonists (for example, Trapaidze

et al., 2000). In heterologous expression systems, ERKs are

activated by release of Gbg subunits from MOPr in a Ras-

dependent manner (Li and Chang, 1996), but other

mechanisms of activation, for example, via Arr3 recruitment

of c-Src to the plasma membrane or on endocytic vesicles

(Shenoy and Lefkowitz, 2003) are presumably also stimu-

lated by MOPrs. ERK activation by opioids could have

important roles in opioid tolerance, withdrawal, and addic-

tion because it has been shown to be important for

(unresolved) desensitization/internalization of MOPr in

heterologous expression systems (Chinese hamster ovary

cells; Polakiewicz et al., 1998) and is involved in synaptic

plasticity (see Sweatt, 2004). In vivo, the evidence for ERK

activation by MOPrs is less convincing. Although ERK1/2

were phosphorylated in opioid-sensitive brain regions

following acute morphine treatment, this generally (with

the exception of LC neurons) occurred in cells adjacent to

opioid-sensitive neurons (Eitan et al., 2003). Unfortunately,

the role of ERK activation in opioid tolerance, withdrawal

and addiction has been less thoroughly explored than in

models of cocaine addiction (see Lu et al., 2006), where there

is growing evidence for an important role in the persistence

of a number of aspects of addiction. Other kinase cascades

are activated by release of Gbg subunits from MOPr including

phosphoinositide-3 kinases (see Law et al., 2000; Bailey and

Connor, 2005; Bailey et al., 2006), which could stimulate the

PKC activity that is thought to play a role in the efficacy of

MOPr desensitization.

In summary, it is intriguing that the major signalling

cascades, particularly AC–cAMP–PKA–CREB and MAPK that

adapt to non-contingent, chronic opioid exposure and

contribute to cellular tolerance, and withdrawal in both cell

bodies and nerve terminals, are also intimately involved in

synaptic plasticity. These non-contingent adaptations could

therefore have a profound influence on other features of

addiction that involve learning and memory in motivational

systems. Because of the complexities of the elements of these

signalling cascades (see above), better anatomical methods

(for example, to map elevated cAMP during withdrawal in

specific cell populations) are needed to develop a global

understanding of cellular withdrawal mechanisms beyond

the small number of candidate neuronal groups studied to

date. Some progress in this direction has been made

indirectly using a transgenic mouse expressing an optical

marker, CRE-LacZ (Shaw-Lutchman et al., 2002).

Tolerance, withdrawal and addiction in neural
systems

Systems tolerance and withdrawal is represented in

Figure 1c. Homeostatic adaptations t neural firing, synaptic

strength and neurochemical balance have been shown to
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develop throughout neural and neuron-glial networks

simply as a result of depressed or enhanced electrical activity

(Rich and Wenner, 2007). Therefore changes in neural

excitation produced by chronic opioid exposure in one

component of a neural network can indirectly produce

homeostatic adaptations to excitability of other neurons and

synapses throughout the network. For example, although

MOPr agonists do not directly act on dopaminergic neurons

in VTA, a number of adaptations develop in these neurons

that may be important for addiction (for example, Russo

et al., 2007). Similar to cellular adaptations in opioid-

sensitive neurons, network adaptations contribute to tole-

rance, withdrawal and long-term features of addiction, but

finding the relevant adaptations is no less daunting a task

than for cellular adaptations in opioid-sensitive neurons.

Quite specific antagonistic or compensatory neural

mechanisms have been postulated for opioid-sensitive net-

works, sometimes based conceptually on the co-localization

peptide containing neural systems in close apposition to

endogenous MOPr signalling systems. These have been

proposed to function as ‘anti-opioid’ systems, that is,

networks or neurochemical systems that are functionally

antagonistic to endogenous MOPr signalling systems. It is an

appealing idea that neural systems expressing receptors

closely related to MOPr are organized in a functionally

antagonistic manner to MOPr, including the k-opioid- or

NOPr and their endogenous peptide ligands (dynorphins

and nociceptin/OFQ, respectively). There is some evidence

that k-opioid-receptor signalling systems are organized in

neural systems in a functionally antagonistic manner to

MOPr systems (Pan, 1998; Shippenberg et al., 2007),

although this is not invariant, with some overlap of

k-opioid-receptor and MOPr in pain transmission systems

(Marinelli et al., 2002). Although this idea has been most

fully developed for the k-opioid-receptor and dynorphin

signalling in forebrain motivational systems during devel-

opment of psychostimulant addiction, there is evidence for a

similar role in opioid addiction (Shippenberg et al., 2007).

Likewise, ORL1-receptor knockouts, ORL1-receptor antago-

nists (Ueda et al., 2000) and Nociceptin/OFq knockouts

(Chung et al., 2006) suggest the ORL1-receptor-nociceptin/

OFQ systems may function as anti-opioids during develop-

ment of tolerance and dependence (Ueda et al., 2000). There

is also evidence from studies using neurokinin 1-receptor

antagonists and neurokinin 1-knockout mice that ‘anti-

opioid’ neurokinin 1 signalling contributes to opioid

tolerance and perhaps hyperalgesia associated with with-

drawal in nociception control systems (for example, King

et al., 2005). Other potential antagonistic neural systems

include those that express neuropeptide FF and cholecysto-

kinin (Waldhoer et al., 2004).

Changes in glial function represent another potential form

of systems adaptation beyond neural networks. Study of

contribution of glial function to opioid addiction is still

relatively recent, but there is growing evidence that activa-

tion of astrocytes (and perhaps microglia) in response to

chronic morphine treatment (Song and Zhao, 2001; Narita

et al., 2004) contributes to tolerance and withdrawal

(Watkins et al., 2005) and can be suppressed by inhibitors

of glial activation. There is good evidence that glial

activation influences neural excitability and synaptic plasti-

city and that these may play an important role in opioid

tolerance and/or dependence (Watkins et al., 2005). The

mechanisms responsible for glial activation during chronic

opioid exposure or their influence on opioid-sensitive

neurons and pathways are still poorly understood, but the

ameliorative effects of glial inhibitors on tolerance and

withdrawal in animal studies suggest a potential avenue for

therapeutic development. This is also a potentially impor-

tant area of research because activated glia are a rich source

of cytokines that can profoundly influence neural activity

and synaptic plasticity. For example, brain-derived neuro-

trophic factor contributes to cAMP–CREB activation in LC

neurons (Akbarian et al., 2002). The source of brain-derived

neurotrophic factor has not been identified, but it could be

derived from activated glia. Conversely, glial cell-derived

neurotrophic factor in VTA has a suppressive effect on drug-

induced reward, and chronic morphine reduces glial cell-

derived neurotrophic factor (Messer et al., 2000).

Synaptic plasticity

Addictive drugs, including opioids, profoundly influence

synaptic plasticity that underlies learning and memory in

neural systems important for the development of addiction

(recently reviewed by Hyman et al., 2006; Kauer and

Malenka, 2007). Recent studies have focussed on two

processes thought to be pivotal for memory consolidation,

long-term potentiation (LTP) and long-term depression. As

outlined in Figure 1d, in most cases, these processes are

thought to involve subtype-specific changes to synthesis (for

example, Mameli et al., 2007), insertion, removal and

stabilization and consolidation of glutamate (usually AMPA)

receptor subunits at synapses (Derkach et al., 2007). Under-

standing how aberrations to the processes of synaptic

learning ultimately contribute to long-term features of

addiction in specific neural systems associated with compo-

nents of addiction such as VTA, nucleus accumbens and

other components of basal forebrain and extended amygdala

is a major challenge that is just beginning to yield insights.

Aside from investigation of the acute actions of opioids on

synapses, adaptations following chronic opioids to pre-

synaptic transmitter release probability together with virtually

all of the signalling systems described above can influence

LTP and long-term depression (Malenka and Bear, 2004;

Hyman et al., 2006; Kauer and Malenka, 2007). For example,

after chronic, intermittent morphine treatment, LTP at

excitatory synapses onto CA1 neurons in hippocampus was

greatly inhibited (MOPrs act directly on GABAergic inter-

neurons in this region; Williams et al., 2001), an effect that

could be reversed by acute morphine treatment (Pu et al.,

2002). This appeared to be due to elevated cAMP signalling

during withdrawal, because it could be blocked by PKA

inhibitors. The status of intoxication or withdrawal could

therefore be expected to have very different influences on

consolidation of environmental or interoceptive cues asso-

ciated with opioid addiction.

Even acute administration of opioids produces powerful

adaptations to synaptic plasticity in systems important for
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opioid addiction. In the VTA, a single dose of morphine or

other abused drugs such as cocaine in vivo induced

enhancement of the ratio AMPA/NMDA receptor contribu-

tion to excitatory synapses onto dopaminergic neurons in

vitro, which was interpreted as strengthening of AMPA

receptor-mediated neurotransmission (but quantal synaptic

amplitudes were not measured, so the interpretation is

tentative) equivalent to LTP (Ungless et al., 2001; Saal et al.,

2003). For cocaine, this plasticity is dependent on the

hypothalamic peptide, orexin (Borgland et al., 2006). The

persistence of this adaptation during chronic morphine

administration is not yet fully understood, but orexin does

influence morphine dependence (Georgescu et al., 2003).

Conversely, single exposure to morphine, either in vivo or in

vitro, inhibited LTP induction at GABAergic synapses onto

VTA dopaminergic neurons (Nugent et al., 2007) for up to

24 h. The mechanism of LTP at this synapse is heterosynap-

tic, depending on NMDA receptor-mediated generation of

NO to activate guanylate cyclase. These adaptations, if they

persist during repeated morphine exposure, may act in

concert to disturb the responses of VTA dopaminergic

neurons to ongoing synaptic activity for at least 24 h

following a single dose of opioid agonist. It will also be

important to examine plasticity following both non-con-

tingent and self-administered opioids, because these have

been shown to have different effects on the activity of

GABAergic projection neurons in VTA in vivo (Steffensen

et al., 2006).

Concluding remarks

Much anatomical and behavioural research on neuroadapta-

tions in opioid addictions focusses specifically on motiva-

tional or appetitive aspects of the disorders that drive

compulsive drug seeking and relapse in forebrain motiva-

tional and emotional learning systems. Indeed, many of the

pharmacological interventions contemplated for addiction,

in general, focus on these systems (for example, Heidbreder,

2005). The cue-related nature of these disorders tends to

implicate mechanisms of synaptic plasticity and learning

mechanisms. As discussed above, study of the direct

involvement of synaptic plasticity in development of opioid

addiction is very much in its infancy. Nonetheless, a

relatively good understanding of the non-contingent me-

chanisms of receptor and cellular adaptations to chronic

opioid exposure is emerging and therapeutic developments

may follow. These adaptations often differ both qualitatively

and quantitatively in distinct populations of opioid-sensitive

neurons and systems of neurons. Opioid receptor tolerance

certainly appears to involve mechanisms of adaptation to

desensitization and internalization. This has prompted

development of opioid ligands, which either do not appear

to engage the Arr3-internalization machinery at all (Groer

et al., 2007) or regulate the MOPr in novel ways and produce

less tolerance and dependence presumably because they can

interact with heterodimers (Waldhoer et al., 2005). Such

developments may provide benefits for long-term opioid

therapy. Another long-term benefit of this approach may

be reduction in cellular tolerance, which, by way of

dysregulation of signalling systems such as cAMP, CREB

and MAPK pathways, could have profound impacts not only

on withdrawal, but also on synaptic plasticity involved in

cue-related aspects of opioid addiction. Systems-level adap-

tations are complex and still poorly understood but could

provide important therapeutic opportunities if the sugges-

tion that astroglial activation plays a role in opioid tolerance

and withdrawal, and perhaps synaptic plasticity through

cytokine production, proves to be important in opioid

addiction.
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